Results:
Estrogen Enhances Matrix Synthesis in Nucleus Pulposus
Intervertebral disc degeneration (IDD) is a common clinical disease which can cause low back pain and related neurologic symptoms [1, 2] . Current therapies such as discectomy and spinal fusion cannot preserve the normal disc function. To date, the pathogenesis and repair strategy for disc degeneration are still research focuses [3] [4] [5] [6] . streptomycin (Gibco, USA). To avoid the interference caused by cell passage, the passage 2 (P2) NP cell was used in all experiments in the present study.
Grouping information
To observe effects of E2 (Abcam, USA) on matrix synthesis in NP cells, P2 NP cells were assigned into the following groups: (1) the control group that was free from intervention but incubated with the ethanol vehicle ( .1 ) (2) the 1 -M E2 group (3) the 1 -7 M E2 group ( ) the 1 -5 M E2 group. To investigate the role of E , the E antagonist PHTPP (1 M, CSA, USA) and E agonist E B 1 (1 M, CSA, USA) were added along the culture medium of the 1 -5 M E2 group. Similarly, the inhibitor SB2 358 (1 M, Beyotime, China) was added into the culture medium of 1 -5 M E2 group to study the role of p38 MAPk signaling pathway. NP cells in all above groups were cultured under standard conditions (37 C, 21 O 2 and 5 CO 2 ).
Real-time PCR analysis
Gene expression (E , SOX , aggrecan and collagen II) was detected by real-time PC . After NP cells were incubated with different test compounds for 8 hours, total NA was extracted using the Tripure Isolation eagent ( oche) and synthesized into cDNA using the irst Strand cDNA Synthesis Kit ( oche). Then, a reaction system including cDNA, SYB Green Mix (TOYOBO) and primers (Table 1) was performed on a C1
TM Thermal Cycler. -actin was used as an internal reference and the relative gene expression normalized to the control group was expressed as 2 Ct .
Western blotting assay
Protein expression of parameters indicating matrix synthesis (SOX , aggrecan and collagen II) and activity of p38 MAPK pathway (p-p38 and p38) was analyzed by western blotting assay. Brie ly, after NP cells were incubated with different test compounds for 8 hours, total protein was extracted with IPA lysis solution (Beyotime, China), separated by SDS-PAGE and transferred to the PVD membrane ( oche). Then, the PVD membrane was incubated with primary antibodies ( -actin: Proteitech, 6 8-1-Ig, diluted SOX : Santa Cruz, sc-2 5 collagen II: Abcam, ab3 712 aggrecan: Santa Cruz, sc-16 2) overnight at C followed by incubation with the H P-con ugated secondary antibody ( SGB-BIO, China, diluted 1:2 ) for 2 hours at room temperature. The protein brands on the membrane were visualized using the SuperSignal West Pico Trial Kit (Thermo) and analyzed using the Image J software (National Institutes of Health, USA).
Immunocytochemistry
Protein deposition of matrix macromolecules (aggrecan and collagen II) was analyzed by immunohistochemistry as previously described. Brie ly, after incubation with different test compounds for 8 hours, NP cells were ixed with paraformaldehyde (Boster Biological Technology Co., td, China) for 2 minutes. Then, NP cells were incubated with the primary antibodies (aggrecan: Norvus, NB12 -1157 , diluted 1:2 collagen II: Abcam, ab3 712, diluted 1:2 ) overnight at C and the corresponding H P-con ugated secondary antibody ( SGB-BIO, China, diluted 1:2 ) for 2 hours at room temperature.
inally, the staining visualization with DAB, counterstaining with hematoxylin solution and dehydration with graded ethanol were sequentially performed. Immuno-positive NP cells were observed under a light microscope (Olympus BX51, Japan) and analyzed using the Image-Pro Plus software (Version 5.1, Media Cybernetics, Inc.).
GAG content measurement
To quantify the GAG content synthesized by NP cells, DMMB assay was performed according to previous method [3 ] . Brie ly, after NP cells were incubated with different test compounds for 8 hours, NP cells were collected and suspended in PBS containing 5 mg/m papain (Sangon, Biotech Co., td., China) for 6-8 hours at 6 C. Then, the GAG content in digested sample was measured by absorbance value at 525 nm using the 1, -dimethyl methylene blue (DMMB) assay, in which shark cartilage chondroitin sulfate (Sigma, USA) was used as a standard.
Statistics
Statistical analysis was performed using SPSS 13. software. All quantitative data were expressed as mean±SD of three independent experiments in this study. When homogeneity test for variance was completed, comparison among multi-groups was performed using one-way analysis of variance (ANOVA) and the post hoc test was determined by SD test. A statistical difference was indicated when p-value . 5. ) could signi icantly up-regulated these molecules both at gene and protein levels, and that expression of these molecules was up-regulated with elevating the E2 concentration ( ig. 1).
Results

I: Effects of E2 on matrix synthesis and p38 MAPK activity in NP cells
E2 increased deposition of matrix protein and GAG content in NP cells. Protein deposition of aggrecan and collagen II and GAG content were analyzed to investigate matrix production in NP cells. esults showed that both aggrecan and collagen II deposition were increased by E2 incubation in a manner of concentration-dependent. Additionally, E2 also increased GAG content of NP cells, which became more obvious at high E2 concentration than at low E2 concentration ( ig. 2).
E2 signi icantly activated the p38 MAPK signaling path ay. esults showed that p38 MAPK signaling pathway was obviously activated by E2 incubation. urthermore, activity of p38 MAPK pathway was dependent on E2 concentration ( ig. 3).
II: ER as involved in the effects of E2 on matrix synthesis and p38 MAPK activity in NP cells ER function as related ith expression of SOX9, aggrecan and collagen II in E2-treated NP cells.
To investigate the role mediated by E , the speci ic E antagonist PHTPP and E agonist E B 1 were used to inhibit and activate E , respectively. Because the group with 1 -5 M E2 has a more obvious effect than other E2 concentrations, we ust investigated the role of E in the group with 1 -5 M E2. esults showed that the agonist E B 1 and antagonist PHTPP could respectively upregulate and down-regulate expressions of SOX , aggrecan and collagen II at gene and protein levels ( ig. ).
ER function as related ith deposition of matrix protein and GAG content in E2-treated NP cells.
esults showed that deposition of aggrecan and collagen II was decreased when the E function was inhibited in the group with 1 -5 M E2, whereas increased when the E function was activated. Similarly, GAG content was increased and decreased by agonist E B 1 and antagonist PHTPP, respectively ( ig. 5). : Indicates a signi icant difference when compared with the control group.
ER function as needed for activation of p38 MAPK signaling path ay in E2-treated NP cells.
To analyze the interaction of E and p38 MAPK signaling pathway, activation of p38 MAPK signaling pathway was investigated when the E function was activated and inhibited, respectively. esults showed that activity of p38 MAPK signaling pathway was increased and decreased by the agonist E B 1 and antagonist PHTPP ( ig. 6).
III: Inhibition of p38 MAPK signaling path ay attenuated the effects of E2 on matrix synthesis in NP cells
To evaluate the role of p38 MAPK signaling pathway in the effects of E2 on matrix synthesis of NP cells, activation of p38 MAPK pathway in the group with 1 -5 M E2 was inhibited by its speci ic inhibitor SB2 358 ( ig. 7A). esults showed that inhibition of p38 MAPK pathway signi icantly attenuated matrix synthesis potential induced E2, which was indicated by the down-regulated gene and protein expression of SOX , aggrecan and collagen II, decreased deposition of aggrecan and collagen II and declined GAG content compared with those in the group with 1 -5 M E2 ( ig. 7B-E).
Discussion
Matrix homeostasis within the NP region is crucial for normal disc function and the resulting spine mechanical stability [31] . As an estrogen sensitive tissue, previous studies indicated that estrogen can increase disc height of post-menopausal women, promote proliferation of disc cells and inhibit in lammatory cytokine-induced apoptosis of disc cells [8, 12, 17, . urther more, estrogen can attenuate in lammatory cytokine-induced cellular senescence of disc NP cells in our previous study (unpublished data, submitted to International Journal of Biological Sciences). However, the effects of E2 on matrix synthesis of NP cells and possible mechanism behind this process were unclear. The main ob ective of this study was to investigate effects of E2 on matrix synthesis potential of NP cells and the underlying mechanism. Our results demonstrated that E2 could enhance matrix synthesis of NP cells in a manner of concentration-dependent, and that the E -p38 MAPK pathway may be involved in this regulatory process. This study indirectly provides explanations to the ef iciency of estrogen-replacement in retarding the disc height in post-menopausal women and brings a promising strategy to regenerate degenerative disc in the future.
Apart from the peripheral annulus ibrosus (A ) and the upper and lower cartilage endplates (EPs), the central NP is important for normal disc function [1, 35] . The large amount of proteoglycan within disc NP tissue contributes to a high ixed negative charge to the NP matrix due to its negatively charged glycosaminoglycan chains [36] . Precisely because of the high NP hydration resulted from the negatively charged glycosaminoglycan, the disc allows for spine motion and maintains a uniform stress distribution of the disc endplates. However, the disc NP region undergoes progressive biochemical changes during degeneration and aging, such as decrease in proteoglycan content, decline of tissue hydration and transition of collagen type I to collagen type II [37] , which can return signi icantly broken disc mechanical function. Therefore, strategies that can restore matrix homeostasis within the disc NP region may be feasible to partly regenerate the degenerated disc.
Estrogen has some important effects on articular cartilage. A clinical study by ou et al. reported that estrogen de iciency was associated with progressive degeneration of knee oint cartilage in post-menopausal women [38] . Besides, several cell culture studies also demonstrated that estrogen reduced expression of matrix degrade enzymes (MMP-1, -3 and -13) and increased collagen and proteoglycan production in cartilage cells [3 , ] . These studies all indicate that estrogen may have favorable effects on cartilage helpful to matrix homeostasis in articular cartilage. Matrix composition within the disc NP region is similar to that within the articular cartilage. Though clinical study reported that estrogen de iciency was related with decrease in disc height in post-menopausal women [8, 12] , and basic researches demonstrated that estrogen could promote proliferation and inhibit apoptosis of NP cells [17, 32] , effects of estrogen on matrix synthesis of disc NP cells are not clear.
SOX is a high-mobility group (HMG) domain transcription factor that can positively regulate expression of chondrocyte-speci ic genes including aggrecan and collagen II [ 1] . In the present study, we found that gene and protein expression of SOX , aggrecan and collagen II increased with elevating E2 concentration. urther more, matrix protein (aggrecan and collagen II) deposition and GAG content showed a similar trend in NP cells incubated with E2. These positive effects of E2 on NP cells were in line with that on articular chondrocytes, and indicate that E2 can promote matrix synthesis potential of disc NP cells. E is also expressed in the disc tissue and down-regulated with advancing disc degeneration [17, 18] . To investigate the role of E in the effects of E2, the speci ic E antagonist PHTPP and E agonist E B 1 were used to inhibit and activate E function. esults showed that E was involved in the effects of E2 on matrix synthesis of NP cells, which was indicated by the up-regulated gene and protein expression of matrix molecules (aggrecan and collagen II), increased matrix protein deposition and GAG content when the E was activated, and the opposite outcomes when the E was inhibited. The different effects of E2 on matrix synthesis resulted from the altered E activity indicated that classical ligand-receptor interaction between E2 and E contributes to the promoted matrix synthesis potential of NP cells.
There is evidence that p38 MAPK signaling pathway is involved in matrix synthesis and viability of disc cells [25, 26] . Previous studies demonstrated that E2 can activate p38 MAPK signaling pathway [1 , 27] . To investigate whether p38 MAPK signaling pathway is participated in the effects caused by E2-E interaction on matrix synthesis of NP cells, the activity of p38 MAPK pathway and NP matrix synthesis were investigated when E function was activated and inhibited, respectively. esults showed that activity of p38 MAPK pathway in NP cells increased with elevating E2 concentration. This is in line with previous study on other cell types [1 , 27] . Additionally, activity of p38 MAPK signaling pathway was increased and decreased when the E function was activated and inhibited, respectively. Meanwhile, matrix synthesis potential of NP cells displayed a similarly consistent trend after the E function was altered. inally, inhibition the p38 MAPK pathway along also attenuated the favorable effect of E2 on matrix synthesis in NP cells. These indings indicate that E is the upstream molecule of p38 MAPK pathway in the regulatory role of E2 in promoting matrix synthesis of NP cells. The downstream of estrogen mediated signal is very complicated. Previous study reported that E2 can rapidly activate protein kinase C (PKC) which can initiate changes in gene expression through the MAPK pathway [ 2-] . To accurately understand the underlying mechanism behind the favorable effects of E2 on matrix synthesis in NP cells, more researches are needed in the future.
Because the main ob ective of the present study was to investigate the effects of estrogen on matrix synthesis of NP cells, experimental female rats were excluded to avoid certain interference caused by menses cycle. Besides, though estrogen can perform functions through E which expressed in disc NP tissue in both men and women, care should be taken when the present data were applied to potential clinical interest for both male and female patients since the gender differences in the expression of E in NP cells [18] . The protective effects of estrogen on matrix synthesis of NP cells may indirectly provide explanations to the ef iciency of estrogen-replacement in retarding the disc height in post-menopausal women. However, more researches are needed to verify whether these results can apply to male patients. Additionally, though interaction between E2 and E was only investigated at the high E2 concentration (1 -5 M), we speculate that E can also play a role in the effects of other estrogen concentrations (1 -M and 1 -7 M) according to our results. This study also has several limitations. irst, E also expressed in the disc NP tissue [18] . However, we mainly focused on the interaction between E 2 and E in the present study since E is the main type of E in cartilaginous tissue [1 , 2 ] . Second, NP cells were platecultured under the normal oxygen condition in this study. Physiologically, NP cells often grow in a 3D environment and face a hypoxic condition [36, 5] . Third, the rat disc NP cells were isolated from normal non-degenerated rat disc. Due to the difference in cellular composition and disc degeneration status between the normal rat disc and degenerated human disc [ 6] , it is unknown that whether matrix synthesis potential of NP cells from the degenerative human disc also responses well to E2. In fact, we have developed an alginate system consisted of glucan, gelatin and polyethylene glycol. This alginate system showed preferable cellular biocompatibility with NP cells and maintained the normal NP cell phenotype in vitro according to our existing experience. To study effects of E2 on matrix synthesis potential of human degenerative disc NP cells, If possible, we will culture the degenerative human disc NP cells in this 3D alginate system under hypoxic condition in the future.
To conclude, this study provides novel information about the effects of E2 on matrix synthesis of NP cells and the underlying mechanism. Our results indicated that E2 promote matrix synthesis of NP cells through the E -p38 MAPK pathway. This study sheds a light on the favorable role of estrogen in promoting matrix synthesis of NP cells and provides some theoretical foundations to the restored disc height by estrogen-replacement in postmenopausal women.
